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t low t e m p e r a t u r e recovers in t e n s of picoseconds a f t e r i t s s a t u r a t i o n by a l a r g e d e n s i t y of p h o t o e x c i t e d carriers. Amplification of t h e s p o n t a n e o u s emission a l o n g t h e e x c i t e d l a y e r s i s a t t h e origin of t h i s s h o r t lifetime. Luminescence e x p e r i m e n t s confirm t h i s i n t e r p r e t a t i o n .
Multiple Q u a n t u m Well S t r u c t u r e s (MQWS) o f f e r g r e a t promises f o r a p p l i c a t i o n s in o p t o e l e c t r o n i c devices d u e t o t h e i r l a r g e o p t i c a l non-linearities. T h e o n s e t of t h e o p t i c a l property modification h a s b e e n d e m o n s t r a t e d t o b e in t h e picosecond r a n g e o r less d e p e n d i n g o n t h e e x c i t a t i o n duration. R e c e n t l y t h e problem of t h e recovery t i m e h a s a l s o b e e n approached. S e v e r a l a t t e m p t s h a v e b e e n m a d e in t h i s c o n t e x t t o r e d u c e t h e e x c i t e d c a r r i e r l i f e t i m e t h r o u g h non-radiative processes [1,2]. In our s t u d i e s o n GaAs / AlGaAS MQWS's, w e h a v e found a n unusually f a s t absorption recovery (within t h e f i r s t 10 ps) in t h e s p e c t r a l region a b o v e t h e n = I e x c i t o n i n t h e c a s e of a MQW s t r u c t u r e e x c i t e d a t low t e m p e r a t u r e by u l t r a s h o r t light pulses. Such a f a s t recovery d i d n o t occur in previous s t u d i e s on bulk GaAs [3] under similar e x c i t a t i o n intensities. We p r e s e n t s e v e r a l e x p e r i m e n t a l e v i d e n c e s t h a t t h i s e f f e c t i s d u e t o t h e l a r g e s t i m u l a t e d r e c o m b i n a t i o n r a t e c a u s e d by a m p l i f i e d s p o n t a n e o u s luminescence guided a l o n g t h e MQWS.
T h e MQWS sample, grown by molecular b e a m e p i t a x y , consists of 60 GaAs w e l l s of 75 a width s e p a r a t e d by Alo.jGae7As b a r r i e r s of 8 5 A, sandwiched b e t w e e n t w o AlGaAs l a y e r s e a c h of I p m thickness.
o r transmission e x p e r i m e n t s , t h e GaAs s u b s t r a t e was removed by s e l e c t i v e e t c h i n g o n a s u r f a c e of a b o u t 1 mm2. After t h i s p r e p a r a t i o n , t h e MQWS r e m a i n s p r o t e c t e d by t h e t w o AlGaAs layers, t r a n s p a r e n t a t t h e wavelengths of i n t e r e s t . T h e good q u a l i t y of t h e s a m p l e i s c o n f i r m e d by well d e f i n e d e x c i t o n i c s t r u c t u r e s a t 15K a n d room t e m p e r a t u r e .
We h a v e p e r f o r m e d time-resolved transmission e x p e r i m e n t s using t h e classical pump a n d p r o b e s c h e m e a n d time-resolved luminescence measurements. In both cases, t h e primary s o u r c e i s t h e o u t p u t of a CPM d y e l a s e r a m p l i f i e d t h r o u g h f o u r s t a g e s of d y e s p u m p e d by a frequency-doubled Nd-Yag l a s e r a t 10 Hz [ 4 ] . These pulses h a v e a d u r a t i o n of 100 f s with a n e n e r g y of 0.3 m J a t 6 2 0 nm. T h e b e a m i s t h e n split in t w o parts, o n e of t h e o p t i c a l p a t h s travelling t h r o u g h a v a r i a b l e o p t~c a l path. In t h i s pump-probe s c h e m e , a wavelength continuum of t h e s a m e d u r a t i o n as ttie i n i t i a l pulse i s g e n e r a t e d i n e a c h p a t h by focusing t h e b e a m i n t o d i f f e r e n t w a t e r cells. T h e p u m p wavelenglh i s s e l e c t e d with a n i n t e r f e r e n t i a l f~l t e r c e n t e r e d a t 690 nm, t h e e n e r g y per pulse a r o u n d 0.5 pJ. This e x c i t a t i o n b e a m i s focused o n a 0.1 m m z a r e a l e a d i n g t o a n e n e r g y d e n s i t y of 0.5 mJ/cmZ. T h e o t h e r c o n t i n u u m i s f i l t e r e d o u t a n d a t t e n u a t e d t o b e much less i n t e n s e t h a n t h e excitation. T h e l u m i n e s c e n c e e x p e r i m e n t s h a v e b e e n p e r f o r m e d b y using a n o p t i c a l g a t e driven by t h e o p t i c a l K e r r e f f e c t [ 5 ] . T h e luminescence signal i s s e n t t h r o u g h t w o crossed p o l a r i z e r s with a c e l l filled of C S in-between a n d i s a f t e r t h a t c o l l e c t e d i n t o t h e s p e c t r o m e t e r . In a b s e n c e of a n y per?urbation, t h e CS2 liquid i s isotropic a n d no signal p a s s e s t h r o u g h t h e crossed polarizers. An anisotropy c a n b e induced by shining t h e liquid by p a r t of t h e pump b e a m at 620 nm. This e f f e c t c o m e s f r o m t h e o r i e n t a t i o n of t h e molecules t o w a r d s t h e e l e c t r o m a g n e t i c f i e l d (optical K e r r effect). T h e induced a n i s o t r o p y l e a d s t o a r o t a t i o n of t h e s i g n a l polarization: t h e c o m p o n e n t p a r a l l e l t o t h e second p o l a r i z e r i s t h e n non-null a n d c a n b e d e t e c t e d . By varying t h e d e l a y b e t w e e n t h e pulse at 6 2 0 n m o n t h e liquid c e l l a n d a n d t h e e x c i t i n g pulse o n t h e sample, w e c o l l e c t d i r e c t l y o n t h e m u l t i c h a n n e l a n a l y z e r t h e time-resolved s p e c t r a l d e p e n d e n c e of t h e luminescence signal. T h e z e [6] t h e d a t a c a n b e a n a l y z e d giving t h e c a r r i e r d e n s i t y a n d t e m p e r a t u r e a t e a c h delay. By assuming a n e q u a l t e m p e r a t u r e f o r t h e e l e c t r o n s a n d t h e holes, w e f i n d t h a t a t r o o m t e m p e r a t u r e t h e c a r r i e r d e n s i t y i s a l m o s t c o n s t a n t (less t h a n 20% c h a n g e ) o n o u r t i m e s c a l e while a rapid c o o l i n g of t h e e l e c t r o n i c t e m p e r a t u r e (initially 11 00K) occurs t o w a r q j h e -P t t i c e t e m p e r a t u r e . A t low l a t t i c e t e m p e r a t u r e , t h e i n i t i a l c a r r i e r d e n s i t y i s a l s o 1 0 c m b u t d r o p s by a f a c t o r 3 in 15ps. T h e c o o l i n g process i s slightly less efficient. T h e s e d i f f e r e n c e s in t h e c a r r i e r d e n s i t y evolution c a n n o t b e e x p l a i n e d only by t a k i n g i n t o a c c o u n t t h e usual bimolecular recombination, which would' l e a d t o a d i s a p p e a r e n c e of t h e c a r r i e r s o n a nanosecond t i m e scale. S u r f a c e o r d e f e c t annihilations c a n b e r u l e d out. We a t t r i b u t e t h e r e f o r e such a s h o r t r e c o m b i n a t i o n t i m e at low t e m p e r a t u r e to t h e a p p e a r e n c e of s t r o n g s t i m u l a t e d emission. Indeed in o u r e x p e r i m e n t a l conditions (relatively high c a r r i e r d e n s i t i e s a t l o w t e m p e r a t u r e ) a s u b s t a n t i a l g a i n c a n developp. T h e s p o t d i a m e t e r i s typically 300pm; h e n c e t h e l u m i n e s c e n c e g u i d e d a l o n g t h e MQWS l a y e r c a n u n d e r g o s u b s t a n t i a l a m p l i f i c a t i o n a n d t h e r e f o r e considerably i n c r e a s e t h e recombination r a t e t h r o u g h s t i m u l a t e d emission. This mechanism i s less e f f e c t i v e when t h e s a m p l e i s a t 300K d u e t o t h e higher e l e c t r o n i c t e m p e r a t u r e .
n d i s a l m o s t s t a b l e during t h e f i r s t hundred picoseconds. A t low t e m p e r a t u r e s (T = 15K) t h e absorption s a t u r a t i o n i s q u i t e similar just a f t e r t h e c r e a t i o n of t h e e l e c t r o n s a n d t h e h o l e s by t h e 690 nm p u m p pulse. However, in t h e following t i m e s t h e behavior i s r a t h e r d i f f e r e n t s i n c e a f t e r 20 ps t h e band t o band a b s o r p t i o n h a s a l m o s t c o m p l e t e l y recovered i t s initial v a l u e while only e x c i t o n s r e m a i n bleached. T h e induced c h a n g e s in t h e band t o band absorption m a g n i t u d e c a n b e directly r e l a t e d t o t h e electron-hole distribution. With a s i m p l e model

T o confirm t h e r o l e of s t i m u l a t e d emission, w e h a v e observed t h e luminescence e m i t t e d by t h e s a m p l e e d g e while t h e e x c i t a t i o n b e a m was focused o n t h e f r o n t surface.
In a f i r s t e x p e r i m e n t , t h e t i m e -i n t e g r a t e d signal was m o n i t o r e d a s a function of t h e e x c i t a t i o n l e n g t h f o r a f i x e d e x c i t a t i o n density. T h e t i m e -i n t e g r a t d s p e c t r a displayed t w o d i s t i n c t features: a l i n e a t 7 9 0 nm o r i g i n a t i n g from t h e e x c i t o n a n n i h i l a t i o n a n d a band a t 794.5 nm corresponding t o t h e p l a s m a emission. This emission i s a t lower e n e r g y t h a n t h e e x c i t o n i c t r a n s i t i o n d u e t o t h e b a n d g a p renormatization. By increasing t h e l e n g t h of t h e e x c i t e d a r e a f r o m a reduced s p o t n e a r t h e e d g e of o b s e r v a t i o n t o a s t r i p of 3 mm length, t h e t w o l i n e s b e h a v e d very d i f f e r e n t l y . T h e e x c i t o n l u m i n e s c e n c e was a l m o s t c o n s t a n t i n i n t e n s i t y a n d shape. O n t h e c o n t r a r y , t h e p l a s m a emission increased e x p o n e n t i a l l y with t h e e x c i t a ion l e n g t h , a c l e a r e v i d e n c e of amplification a l o n g t h e MQWS layers. T h e g a i n 1 . . of 1 0 cm-1s q u l t e low but corresponds t o a s m a l l e r e x c i t a t i o n d e n s i t y n e c e s s i t a t e d t o r e a l i z e t h e b e a m geometry. T h e time-resolved s p e c t r a of t h e e d g e emission a r e r e c o r d e d i n t h e s a m e e x c i t a t i o n conditions a s f o r t h e ' pump-probe experiments. T h e r e f o r e t h e s p e c t r a a r e s t r o n g l y d o m i n a t e d by t h e p l a s m a a m p l i f i e d emission, t h e e x c i t o n luminescence b e i n g negligeable. T h e s i g n a l e x h i b i t s a first m a x i m u m b e f o r e d e c r e a s i n g t o zero, followed by a s e c o n d maximum, t h e n a t h i r d o n e w i t h a s m a l l e r i n t e n s i t y a n d s o on.
By moving t h e position of t h e e x c i t i n g s p o t w e h a v e c h e c k e d t h a t t h e s e d i f f e r e n t l i g h t p a c k e t s (also s e e n as s p i k e s w i t h a s t r e a k c a m e r a ) correspond t o m u l t i p l e r e f l e c t i o n s o n t h e s a m p l e edges. T h e l i g h t i s e m i t t e d only o n c e b u t t r a v e l d i f f e r e n t o p t i c a l p a t h s inside t h e s a m p l e b e f o r e t h e collection a t t h e edge.
T h e a m p l i f i e d emission d o e s n o t a p p e a r i n s t a n t a n e o u s l y a f t e r e x c i t a t i o n s i n c e t h e g a i n c a n developp only a f t e r t h e cooling of t h e e x c i t e d carriers. A t a d e l a y of 1 2 ps (fig 2) t h e low e n e r g y luminescence e d g e i s a t 8 1 2 nm, corresponding t o a band g a p r e n o r m a l i z a t i o n of 5 0 meV. A t 2 4 ps, t h e e d g e i s a t 8 0 6 nm implying t h e r e f o r e a b a n d g a p renormalization of 38.6 meV. Following G. T r a n k l e et al. [7] , t h e 2D band-gap r e n o r m a l i z a t i o n d e p e n d s o n t h e d e n s i t y following a n . -
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law. S t a r t i n g with a c a r r i e r d e n s l t y of a f e w 1 0 '~c m -~, t h e evolution of t h e b a n d g a p r e n o r m a l i z a t i o n c o r r e s p o n d s t o a d e c r e a s e of t h e d e n s i t y by a f a c t o r 2.2 which i s consistent with t h e v a l u e d e d u c e d f r o m t h e absorption experiments.
In conclusion t h e time-resolved absorption a n d luminescence e x p e r i m e n t s confirm t h e i m p o r t a n c e of t h e s t i m u l a t e d emission a l o n g t h e MQWS l a y e r s in t h e r e d u c t i o n of t h e c a r r i e r lifetime. This f a s t recovery of t h e band t o band absorption f o r a s a m p l e a t low t e m p e r a t u r e m a y h a v e s o m e implications f o r t h e u s e of such s t r u c t u r e s in o p t i c a l devices.
